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ABSTRACT: The increased attention to luminescent copper(I) complexes, mostly mono-
nuclear and dinuclear ones, in the past few years was mainly due to the new pathways established
in the intersystem crossing (ISC) for highly efficient singlet/triplet harvesting, which showed
great potential in light-emitting devices. Governing the photophysical processes of planar cyclic
trinuclear complexes is more challenging owing to the rich intra- and intermolecular metal—metal
interactions involved, but new opportunities also accompany this. Herein reported is a hidden (g
route to the ultra-long-lived, highly efficient phosphorescence of cyclic trinuclear two-coordinate A isc
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events to the high-lying ISC pathways. Moreover, an anomaly of much higher quantum yields of ’ T,
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esearchers from both academic and industrial sectors have

witnessed the remarkable advancements in luminescent
Cu' complexes in the past decade owing to their prospect as
low-cost, next-generation emitters for lighting and displays."”
A ground-breaking mechanism promoted in this promising
class of light-emitting materials was the feasibility of harvesting
both singlet and triplet excitons through low-lying intersystem
crossing (ISC) and subsequent reverse ISC (rISC), known as
thermally activated delay fluorescence (TADF).” >

Nevertheless, the rational design strategies’™'* to acquire
highly emissive Cu' complexes involving ISC/rISC processes
appear to be in a dilemma. To ensure efficient ISC with a
considerable radiative decay rate (k,) requires the substantial
involvement of copper in related singlet/triplet states to
promote spin—orbit coupling (SOC).°® On the contrary, the
typical metal-to-ligand charge transfer (MLCT) events of d'°
metal centers, especially for low-coordinate ones, are
associated with a large reorganization energy attributed to
excited-state Jahn—Teller distortion; such an adverse effect
should be minimized to bring down the nonradiative decay
rate (k,).”'" Most recently, Thompson and coworkers
successfully solved this conundrum in a family of mononuclear
linear-coordinate Cu! complexes,u’12 whose emissive lowest
triplet states (T) are interligand excited states stabilized by the
coplanar donor—acceptor ligands. A balance is achieved so that
the metal contribution is large enough for effective ISC yet
small enough to nearly eliminate nonradiative decay.''

As known, the SOC parameter of copper is about four times
smaller than those of platinum and iridium."> A useful
approach to counteract this inferior situation in promoting
ISC is through polynuclear assemblies.'*™"” For example,
Steffen, Cisnetti, and coworkers'*"> as well as Costuas, Yam,
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Lescop, and coworkers'® recently developed highly emissive
dinuclear Cu' complexes, respectively, and demonstrated their
rich supramolecular assemblies through Cu—Cu interactions.'”
These findings revealed that cuprophilic interactions can serve
as a design motif for boosting the photoluminescence quantum
yields (®p) of Cu'-based TADF or T, emitters through low-
lying ISC paths with small single—triplet energy separation
(AE; ).

Cyclic trinuclear two-coordinate d'® metal (ie, CuI/AgI/
Au') complexes represent a well-known family owing to their
planar structures giving rise to intermolecular metal—metal
interactions that are responsible for the tunable excimer
emissions.'*™>° To date, most of them are found to be T,
emitters, which have low-lying triplet metal-to-metal charge
transfer or metal-centered (*MMCT/>MC) states,'® 2222
Herein we report the unusual efficient high-lying ISC processes
identified in some trinuclear Cu'/Ag'—pyrazolates, denoted as
Cu-2, Ag-2, and Cu-4 (Scheme 1), in which the strong
luminescence comes from ligand-centered (*LC) T, states and
the corresponding excimers. The design of pyridyl pyrazole
ligands was inspired by the highly emissive (®p; up to ~81%)
planar mononuclear Pt" complexes containing pyridyl/
pyrizinyl pyrazole ligands,”” which also form excimers
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Scheme 1. Structures of Cyclic Trinuclear Complexes
Present in This Work

supported by intermolecular metal—metal interactions in the
solid-state packing.

The solid samples of all target complexes were prepared in
solvothermal reactions in good yields (see Experimental
Procedures in the Supporting Information for details) and
structurally characterized by X-ray crystallography (Tables S1—
S3). The compositions of M;L; (M = Cu/Ag, HL-2 = 3-(2'-
pyridyl)-1H-pyrazole, HL-4 = 3-(4'-pyridyl)-1H-pyrazole)
were confirmed.”* ">’ The metal ions bridged by the pyrazolyl
ligands share linear coordination geometry with different
metal—metal distances and crystal packing modes (Figure 1,

Cu2 @‘X

2.824(3) AL~
\/ I

Ambient
Light

uv
365 nm

Figure 1. Left: Crystal structures of the three complexes at 100 K,
marked with the shortest intermolecular metal—metal distances. Atom
color codes: Cu, orange; Ag, magenta; C, gray; N, blue; H atoms are
omitted. Right: Digital photographs of crystals under ambient light
and hand-held 365 nm UV lamp, respectively, at room temperature.

left; Figures S1—S6). For Cu-2 and Ag-2, the chelating 2-
pyridyl-N sites weakly coordinate to Cu'/Ag' ions, enforcing
the pyridyl and pyrazolyl rings to be almost coplanar, whereas
Cu-4 with 4-pyridyl, in the absence of weak coordination,
deviates from the planar configuration. Notably, Cu-2 shows a
discrete dimer-of-trimer packing, with one set of intermolec-
ular Cu—Cu distances (2.824 A) approaching the sum of van
der Waals radii (ca. 2.8 A), whereas Cu-4 stacks as a stair-like
column. The coordination configuration and packing mode of
Ag-2 are similar to those of Cu-2, but the Ag—Ag contacts are
weaker than the Cu analogues, which is common in the
literature.>' ~*
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Under ambient light, the crystalline sample of Cu-2 shows a
pale-yellow color, whereas those of Ag-2 and Cu-4 are
colorless (Figure 1, right). When exposed to UV light, Ag-2
and Cu-4 glow brightly in yellow and orange, respectively, in
stark contrast with Cu-2, which faintly displays orange light
(Figure 1, right). The bulk samples of the complexes are poorly
soluble in common solvents, and they are air-stable and
thermally stable up to ca. 300 °C, indicated by thermogravi-
metric analysis (Figure $7). The bulk sample purity and phase
homogeneity are ensured by elemental analysis and powder X-
ray diffraction (Figures S8—S10).

The solid-state ultraviolet—visible absorption spectrum of
Cu-2 displays two peaks at 259 and 319 nm accompanied by a
broad band located at 367 nm, whereas for Ag-2 and Cu-4 ,the
absorption band peaks are 262, 316, and 316 (b, w) nm and
210, 293, and 293 (b) nm, respectively (Figure S30 and Table
1). Under low-energy excitation (400 nm for Cu-2, 370 nm for
Ag-2, and 325 nm for Cu-4) at room temperature, the
emission spectra of both Cu-2 and Cu-4 peak broadly and
featurelessly around 650 nm (Figure 2a) with contrasting ®p
of 1.3 and 65%, respectively, whereas Ag-2 displays a peak at
570 nm (®p; = 25%). Compared with the triplet decays of Cu-
2 (1, =58 us, k., =2.2x10*s™") and Cu-4 (7., = 27.9 us, k, =
2.3 x 10* s7'), the decay lifetime of Ag-2 is found to be
ultralong (7,, = 5833.7 us, k, = 4.3 X 10' s™!, Figure 2b).

Cooling to 77 K, the emission spectra behave drastically
different. Cu-2 shows a bathochromic shift of ca. 30 nm with
the emission intensity vanishingly decreasing, which is
attributed to the contraction of intertrimer Cu—Cu distances
at low temperature (cf. Cu—Cu 2.900 A at 293 K; 2.824 A at
100 K), as commonly observed in the literature."*™*" In
contrast, Ag-2 and Cu-4 display high-energy, structured bands
(~420—550 nm), indicative of vibrational transitions of the
ligands, which coincide with their own infrared spectra (1464,
1498 cm™! for Ag-2 and 1112, 1409 cm™! for Cu-4), and their
low-energy bands remain almost intact at 77 K. For Ag-2 and
Cu-4, the new bands that appeared at 77 K also have ultralong
decay lifetimes (e.g., 7,, = 1006.1 ps for the 470 nm band of
Ag-2; 7,, = 770.2 us for the 452 nm band of Cu-4), which are
assigned as *LC-based T, emissions. The structureless low-
energy bands are attributed to corresponding excimers with
drastically different lifetimes (e.g., 7,, = 5089.1 us for the 570
nm band of Ag-2; 7,, = 27.68 us for the 650 nm band of Cu-4,
Table S7) due to the difference in the internal/external heavy-
atom effect in Cu and Ag complexes.”> The fact that the
lifetimes of low-energy bands of Ag-2 and Cu-4 at room
temperature are even slightly longer than those at 77 K
suggests the existence of thermal equilibrium.

The detailed photophysical data are summarized in Table 1.
The above unusual spectral profiles resemble the observations
made by Thompson and coworkers,'”** which are anomalous
compared with the reported cyclic trinuclear Cu'/Ag'—
pyrazolates''”*** in the following aspects.

(i) Metal effect: Usually Cu' complexes exhibit much
brighter phosphorescence than Ag' analogues due to
the internal heavy atom effect of Cu that facilitates fast
ISC.> In fact, most trinuclear Ag'—pyrazolates are barely
emissive, but here Ag-2 has much higher ®;; than Cu-2.
Similarly, in the recent work by Thompson and
coworkers® the Ag' complexes are as highly emissive
as the Cu' complexes, but the decay lifetimes are in an
unusual order Ag < Cu due to the smallest AEg_+ of the
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Table 1. Photophysical Data for the Three Complexes in the Solid State

complex T/K Agps/NM Aex/DmM Aer/nm”
Cu2 298 259,319, 4 6ss
367 (b)
77 688
Ag2 298 262, 316, 363 570
316 (b, w)
77 (HE, structured) 438, 468, 503;
(LE) 570
Cu-4 298 210, 293, 325 650
293 (b)
77 (HE, structured) 425, 452, 476,

510; (LE) 654

T/ps”
gt [AJ %) [Az] Tav Dy, © k./ s~ el s~
2.0 [0.414] 8.5 [0.586] 58 0013 22x10° 1.7x10°
3.1 [0.341] 9.2 [0.659] 7.1 4
200 [0.027] 5990 5833.7 0.25 43 x 10" 1.3 x 10?
[0.973]
213.6° 2338.3° 1006.1 0.37 37 X 10> 6.3 x 10*
[0.627] [0.373]
27.9 [1] 27.9 0.65 23 x 10 1.3 x 10*
203.1 1023.8" 7702 047 6.1 x 10> 6.9 x 10*
[0.309] [0.691]

“r = emission lifetime, A = contribution factor, 7,, = (Ax,). bExcitation wavelength: 400 nm for Cu-2, 370 nm for Ag-2, and 325 nm for Cu-4.
“Absolute quantum yield. “Too weakly emissive to measure excitation and quantum yield. “Monitored emission peak: 468 nm. ’Monitored
emission peak: 452 nm. Abbreviations: HE = high-energy band, LE = low-energy band, b = broad, w = weak.
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Figure 2. (a) Solid-state emission spectra at 298 and 77 K. (See Table
1 for excitation wavelengths.) The emission intensities are normalized
with respect to the low-energy bands. (b) Corresponding decay
lifetime semilog profiles of the three complexes at 298 and 77 K.

Ag' complexes, on the contrary to the situation in the
present work.

(ii) Ligand effect: The initial design on the 2-pyridyl was to
utilize its weak coordination with the metal ions to
enforce the whole molecule in a coplanar conformation.
It was expected that the *LC states would stabilize
through conjugation and also benefit the coupling of
metal d orbitals and ligand 7 orbitals to promote ISC
efficiency.'"'>***” However, the curved Cu-4 with 4-
pyridyl has a much higher ®p; than the flat Cu-2.

(iii) Supramolecular effect: Usually for cyclic trinuclear

complexes, the emission profiles are gove_trned by

intermolecular metal—metal interactions. = >° In this
work, the fact that Cu-2 has the shortest Cu—Cu
distances may be related to its lowest energy of the
excimer band among the three complexes but cannot
account for the absence of the high-energy ligand-
localized band as well as its lowest @p;. We speculate

that hidden ISC paths may be working.

Accordingly, time-dependent density functional theory (TD-
DFT) calculations were performed to figure out the intricate
ISC pathways (see the Computational Details in the
Supporting Information), from which the low-energy ex-
citation for the three complexes (see Table 1) is mainly
assigned to MLCT origin. For Cu-2, a dimer-of-trimers model
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was used because only a low-energy, featureless band was
recorded, which is attributed to the excimer emission
supported by close Cu—Cu contacts.”” Both the lowest excited
single state (S;) and T are assigned to [Cu(d,?) — z*(py—
pz)] (ie, *MLCT, Figure 3a; Tables S9 and S10), affirming
our ligand design on the chelating 2-pyridyl groups,”” but such
MLCT events associated with low-lying ISC would cause
unwanted nonradiative loss. In contrast, the dimer-of-trimers
Ag-2 and Cu-4 have *LC-based T states (Table S16); for their
monomer models, denoted as Ag-2-m and Cu-4-m, the
'MLCT [Ag/Cu(d,?) - #*(py—pz)] S, and °LC [z(py—pz)
— m*(py—pz)] T, states are assigned (Figure 3a; Tables S11—
S14).

The experimental excitation energy of Cu-2 (~400 nm) is
much lower than that of Cu-4 (~325 nm) as well as Ag-2
(~370 nm), which coincide with identified 'MLCT states of
considerable oscillator strengths () in the calculations (Figure
3a). If Ag-2 and Cu-4 can undergo low-lying ISC paths
following fast internal conversion after excitation, then the
involved ISC must be very efficient, given that they exhibit very
strong luminescence. However, such an efficient low-lying
" MLCT-based ISC route is lacking for Ag-2 and Cu-4, which
can also explain the anomaly of the much higher ®p; of Ag-2
relative to Cu-2 at room temperature. In the work by
Thompson and coworkers,'"** the highly emissive Ag'
complexes, undergoing low-lying ISC paths, have larger k,
values than those of Cu' analogues. In contrast, here ®;; Ag-2
> Cu-2 is not due to a larger k, but rather a k,, that is three
orders of magnitude smaller (Ag-2 1.3 X 10* 5! vs Cu-2 1.7 X
10° s7'). Taking all of this into account, the existence of low-
lying ISC for Ag-2 and Cu-4 should be undermined.

In principle, the ISC rate is proportional to I{S,[HgocIT,)*/
((AEs_1)?);*® therefore, larger SOC matrix elements (S, |Hgol
T,,), smaller adiabatic AEg_r, and larger f values can contribute
to efficient ISC. Moreover, different d orbitals are required for
spin-allowed ISC between coupled *MLCT states.””*’ Albeit
very time-consuming, the SOC matrix elements covering the
high-lying ISC pathways were calculated for the three
complexes (Computational Details in the Supporting In-
formation, Tables S24—S26). For Cu-2, the pathways
involving low-lying "*MLCT states, predominantly the S, —
T,/Ts transition with a relatively larger f value, are reckoned as
the major ISC processes. For Ag-2-m and Cu-4-m, the f values
for the S, states ('MLCT) are negligible. When looking into
higher singlet states (S,) with considerable f values, multiple
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Figure 3. (a) Selected singlet (S,, marked in blue) and triplet (T,,
marked in red) states experiencing ISC processes. The values in the
parentheses represent the oscillator strengths of S,, and the numbers
following T,, represent the values of SOC matrix elements (in cm™")
of the efficient ISC channels. The MLCT- and LC-dominated excited
states are highlighted in green and yellow regions, respectively. (b)
Three-dimensional diagram of selected SOC matrix elements for Cu-
4-m between S, (n = 1-8) and T,, (m = 1—3, 20—24) states. Colors
refer to different S, states involved in ISC channels. Proposed efficient
high-lying ISC pathways are circled in a dashed line.

high-lying "*MLCT-based ISC channels for Ag-2-m, viz. S, Sg
— Ty, Tis and Cu-4-m, viz. S;, S;, and Sg = T,,, T,3, and
T,,, are revealed.

In Figure 3a, the selected ISC pathways are marked with
corresponding f and SOC matrix element values. Although
hidden in high-lying S, — T, paths, Ag-2-m and Cu-4-m have
four or more significant SOC matrix element values compared
with Cu-2 having smaller SOC matrix element values in low-
lying paths. The selected SOC matrix element values for Cu-4-
m are depicted in Figure 3b, showing the most probable high-
lying ISC pathways. Although the SOC parameter of Cu (857
cm™') is smaller than that of Ag (1779 cm™), the external
heavy atom effect of silver causes it to contribute to the SOC
to a lesser extent relative to copper.”> As a result, Cu-4 exhibits
orders of magnitude larger values of both k, and k,, compared
with those of Ag-2 at room temperature (Table 1), giving the
highest quantum yield of 65% for Cu-4 at room temperature
among the three complexes.
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Another key factor governing ISC processes is the adiabatic
AEg_1 value. A prerequisite for ISC/rISC to take place is a
AEg_t value not larger than 1000 em™,>**" and when it is
small enough to influence the rate of ISC, then the competition
of high-lying ISC with internal conversion and low-lying ISC
may occur, followed by *LC-based T, emission, as previously
pointed out by Thompson, Yersin, and coworkers.*** In the
work by Thompson and coworkers,'"** the AE;_ values of
Ag' complexes (150—180 cm™") are smaller than those of Cu'
complexes (570—590 cm™"). Here the AEg_r values of Ag-2-m
(~24.2 cm™) and Cu-4-m (0—95.6 cm™') through multiple
paths in high-lying ISC are very small, even negligible,
compared with those of Cu-2 (124.9 and 283.4 cm™") through
low-lying paths.

The final emissive states of Ag-2 and Cu-4 are *LC-based T,
states and corresponding excimers, experiencing thermal
equilibrium, which is consistent with the ultralong lifetimes
for Ag-2 and Cu-4. Previously the origin of the excimer in such
type of cyclic trinuclear complexes was found to be *MC, and
there were only broad bands (i.e., that of excimer) identified
with varying emission wavelengths, which are temperature-
sensitive due to the formation of excited-state metal—metal
bonding.w’u’44 In the present work, the origin of monomer
emission (high-energy band) is found to be *LC, and thus the
excimer emission (low-energy band) can be simultaneously
observed and is temperature-insensitive (see Figure 2a) due to
the absence of intermolecular metal—metal bonding, which is
supported by TD-DFT calculations of T, geometry (Tables
S15 and S16). The situation here is more like the classic
organic pyrene excimer for which dual emissions from both
monomer and excimer can be observed under the same
excitation Wavelength.%’46

The internal reorganization energies were also calculated to
evaluate the de-excitation processes (T; — S, Table S17),
giving a larger energy loss of vibration relaxation for Cu-2
(0.58 eV) than for Ag-2 (0.43 €V) and Cu-4 (0.52 eV). In
combination with the contribution of high-lying ISC processes
that reduces the adverse effect of the MLCT events, the
nonradiative decay loss of Ag-2 and Cu-4 is then much lower
than that of Cu-2 (see Table 1).

The present study uncovers a hidden route of high-lying ISC
to obtain ultralong-lived, highly emissive cyclic trinuclear Cu'/
Ag'—pyrazolate complexes. The conventional cyclic trinuclear
complexes, such as [Cu(3,5—(CF3)2—Fyrazolate)]3, which
exhibits high quantum efficiency,'* *"** form excited-state
Cu—Cu bonding and undergo a S, < T, spin-forbidden
transition, giving *MC T, states (Scheme 2a). Here the MLCT
states, familiar for mononuclear square-planar d® (Pt pdy,
and Au™) complexes, are introduced to trinuclear linear or T-
shaped d'° (Cu' and Ag') complexes, although it would cause
unwanted nonradiative loss due to excited state Jahn—Teller
distortion and vibronic coupling through low-lying ISC,
resulting in low quantum efficiency, as in the case of Cu-2
(Scheme 2b).

For Ag-2 or Cu-4 excited as a monomer, the unfavorable
MLCT events are pushed to the high-lying ISC pathways, and
the ’LC are stabilized as the T, states (Scheme 2c).
Subsequently, the triplet excitons are efficiently harvested
through dual emissions, that is, high-energy SLC and low-
energy excimer bands that are subject to thermal equilibrium.
At low temperature, both a high-energy structured band and a
low-energy broad band can be observed; upon heating, the
excitons from the monomer can step over the energy barrier to
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Scheme 2. Proposed Jablonski Diagrams for Cyclic
Trinuclear Complexes (a) [Cu(3,5-(CF;),—Pyrazolate)];,
(b) Cu-2, and (c) Ag-2 and Cu-4“

@ ®
S smMCT et
A ISC™>T Tm
IC!I
LA
\,\\9‘{;2@ SMLCT 3
hv 0":\0«\!"’ hv
- Qa'\“{\%,e
@V"C‘ss‘ S
S, S, — ‘,\g‘\’
(@) === ggr ===
’ R !
";‘-J...’“ \u
2, fi'Ag‘?‘sMLcT:

Tmu

“ISC = intersystem crossing, IC = internal conversion. MC = metal-
centered, MLCT = metal-to-ligand charge transfer, LC = ligand
centered. Radiative transitions are shown by solid arrows, whereas
nonradiative transitions are shown by dotted arrows. n and m are
integer numbers (>2).

effectively populate excimer states, and hence only the low-
energy emission band is observed at room temperature. Note
that for Cu-4 the quantum vyield is even higher at room
temperature (cf. 65% at 298 K; 47% at 77 K).

The photophysical scenario outlined here, in which a
substantial metal contribution is retained for effective ISC
while the concomitant nonradiative decay is masked to some
extent, provides an alternative solution to the dilemma in
designing highly emissive d' metal complexes, among several
other approaches, including triplet harvesting through a
multinuclear strategy,47 singlet harvesting through TADF,*® a
heterometallic strategy,22 metal adducting,49 and so on.”’
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